1 Cattaneo et al. -Mapping parieto-motor connectivity A study of parietal-motor connectivity by intraoperative dual cortical stimulation.
We aim to fill this gap in current knowledge with the present work in which we tested cortico-cortical 79 connectivity by means of intra-operative direct cortical stimulation (DCS) with a dual-pulse paradigm similar to 80 that employed with dual-coil TMS (Koch and Rothwell, 2009) . Supra-threshold test stimuli were delivered to 81 M1 and the resulting motor evoked potentials (MEPs) were systematically recorded form distal upper limb 82 muscles, and in some cases from facial and lower limb muscles. In some trials a conditioning stimulus was 83 delivered to different regions of the parietal cortex at variable inter-stimulus intervals (ISIs) ranging from 4ms 84 to 16 ms. In some other trials, only conditioning stimuli were delivered. The conditioning stimulus itself does 85 not activate the corticospinal motor pathways, as witnessed by the systematic absence of MEPs in such trials.
86
The modulation of motor output by conditioning stimuli is generally considered as evidence of cortico-cortical 87 functional connectivity between the target of conditioning stimuli and the motor cortex. It is important to note 88 that a necessary pre-requisite for the realization of dual-stimulation paradigms is that the corticospinal tract 89 must be activated trans-synaptically by the test stimuli, because direct axonal stimulation of corticospinal 90 axons produces MEPs that arise downstream of the putative site of interaction between the conditioning and 91 the test stimuli. In this respect, the information currently available indicates that direct cortical stimulation 92 (DCS) is effective also under general anaesthesia in exciting cortical output trans-synaptically, also at low 93 stimulation intensities (Katayama et al., 1988; Hanajima et al., 2002; Yamamoto et al., 2004; Lefaucheur et al., 94 2010) . Invasive intra-operative monitoring (IONM) in neurosurgery therefore offers the unique opportunity to 95 assess cortico-cortical connectivity in vivo, with extraordinary spatial resolution and anatomical precision.
96
Indeed, the results of the present work indicated a diffuse field of parietal spots exerting short-latency 97 modulation of corticospinal output in the range of 6-15 ms of inter-stimulus intervals, distributed along the 98 post-central sulcus. Such active spots showed higher density in two large clusters in the anterior intraparietal 99 region and in the parietal operculum. We show that the anterior portion of the inferior parietal lobule and 100 intraparietal region can be functionally considered as a "pre-motor" region. The behavioural significance of 101 such connections is yet to be determined.
102
Methods reconstruction and individual patient's sulcal anatomy was then performed using the Neuronavigation pointer.
123
Brain anatomy was systematically analysed prior to surgery so that main sulcal patterns of the postcentral and 124 parietal region could be readily identified during actual surgery. The stimulating strip was placed parallel to the 
164
Dual strip stimulation 165 Direct electrical cortical stimulation was applied to the precentral gyrus (test stimuli) via a 6-contacts strip 166 electrode and to the parietal cortex by means of a 6-contacts or an 8-contacts strip electrode (Figure 1 shows a 167 schematic of the dual strip protocol and an example of surgical scenario). To optimize timing precision between 168 the conditioning and the test stimuli, the conditioning stimuli were always delivered in a short train of 2 stimuli 169 at 250 Hz and of 0.5 ms duration. Test stimuli were delivered with trains of the minimal duration required to 170 elicit a stable MEP in the ABP. This results in test stimulation with one single stimulus in 1 patient, with 2 171 stimuli in 12 patients and with 3 stimuli in 3 patients. Intensity of test stimulation was set to obtain a MEP from 172 the thenar muscle of around 500 uV peak-peak amplitude. The ISI was considered as the interval between the (Zlatkina and Petrides, 2014; Zlatkina et al., 2016) . The corresponding to the hand motor cortex. We did not observe significant effects from stimulation of the post-246 central gyrus at the ISIs adopted here. The polarity of the effect was spatially organized. We observed 247 inhibitory effects of conditioning stimuli applied to the superior parietal lobule and the anterior intraparietal 248 region. We found excitatory effects from conditioning stimuli applied to the inferior parietal lobule. Most 249 patients showed only facilitatory or inhibitory effects in all stimulation dipoles. In two patients (#1 and #10) we 250 observed a change in polarity of the effect from inhibitory to facilitatory moving the stimulating electrode 9 Cattaneo et al. -Mapping parieto-motor connectivity ventrally and rostrally. All spots showed the same polarity of effect, whenever present, at all ISIs, with the sole 252 exception of a single spot in a single patient (#3), localized in the intraparietal region, that showed facilitatory 253 effects at the 4ms ISI and inhibitory effects at the 12 ms ISI. Figure 
260
In the present work we demonstrate for the first time the existence of direct parietal-motor functional 
280
Conversely, the posterior parietal cortex, albeit embedded with consistent motor representations, has not 281 been shown to be organized effector-wise in humans. Action representations in the PPC of humans seem to 282 show an upper limb preference and a spatial organization that reflects the type of action rather than the 283 effector used, except for eye movements that are supported by a specialized network (Grefkes and Fink, 2005) .
284
Most authors seem to agree on a motor map of the rostral PPC organized in a medial-lateral system. Spatially-285 oriented stimuli are coded in the SPL, object-directed movements in the mid-portion, corresponding to the 286 intraparietal sulcus and more complex hand actions such as symbolic movements and tool use are coded in the 287 IPL (Gallivan and Culham, 2015; Orban, 2016) . Consequently, the finding of hand representations throughout 288 its medio-lateral extension is supported by current knowledge on the physiology of motor properties of the 289 human PPC.
290
A direct parieto-motor pathway in humans.
291
Neuroimaging studies in humans however, are not able to specify the actual neural pathways by which the PPC 292 can modulate movement. The novelty of the present study is providing compelling evidence that one possible 293 neural substrate of the PPC influence on action is fast, probably direct, parieto-motor connectivity. The 294 temporal characteristics of the parieto-motor interactions are illustrated in Figure 3C 
300
There are two main inferences to be made from this finding: First, that the effect on conditioning stimuli on the 301 PPC is not likely to be due to current spread to M1, because current spread is quasi-instantaneous, and the 302 latency of its effect would not increase with distance. Second, the increasing latency of the conditioning effects 303 with increasing distance from M1 argues against the possibility that the site of interaction between parietal 304 output and the corticospinal pathway is subcortical or spinal because in that case we would expect similar 305 latencies of conditioning effects. On the contrary, the pattern of co-variation of distance to hand-M1 with 306 effective ISI is strongly in favour of cortico-cortical connections between PPC and hand-M1 mediating the 307 conditioning effect.
308

Effects of anaesthesia
309
All our patients have been tested under the TIVA protocol. The main effect of propofol is a strong enhancement 310 of GABAergic inputs (Franks, 2008) . In terms of brain connectivity, Propofol dampens extensive cortico-cortical 311 connections, according to TMS-EEG studies (Sarasso et al., 2015) . The strength of oligosynaptic pathways is 312 affected but generally not to the level of a conduction block, as witnessed by the validity of somatosensory 313 evoked potentials and motor evoked potentials, which are mediated by multi-synaptic neural chains. The TIVA 314 protocol is titrable, and it was systematically kept at low levels of neural suppression (see methods). Therefore, 315 the anaesthesiologic setting employed here is appropriate to test mono-or oligo-synaptic connections, though 316 we cannot make any inference on how these connections would work in the awake state. Summing up, the 317 implications of testing cortico-cortical connectivity under anaesthesia are that: A) significant effects can be 318 considered as genuine expression of oligo-synaptic connections, B) non-significant stimulations could underlie 319 either no connections or multi-synaptic connections which are dampened by anaesthesia and C) we cannot 320 make any inference on how the highlighted connections would function in the awake state and even more so 321 during active tasks.
322
Relation to connectivity data obtained with non-invasive brain stimulation 323 Ipsilateral PPC-M1 connections have been tested non-invasively by dual-coil TMS in awake subjects in a series 324 of studies (Koch et al., 2007 (Koch et al., , 2008b (Koch et al., , a, 2010 Koch and Rothwell, 2009; Ziluk et al., 2010; Cattaneo and 325 Barchiesi, 2011; Vesia and Davare, 2011; Karabanov et al., 2012 Karabanov et al., , 2013 Vesia et al., 2013 Vesia et al., , 2017 Chao et al., 326 2015; Maule et al., 2015) . The present results cannot be compared to these studies in alert subjects in terms of 327 polarity (inhibition or excitation) nor of task-dependency of the response because of the anaesthesia, but they 328 can be compared in terms of cortical site in the PPC and timing of conditioning stimuli that exert a significant 329 effect onto M1. Our data are compatible with the findings of Karabanov et al. (2013) showing two foci along 330 the intraparietal sulcus, the two clusters of active spots along the intraparietal sulcus in the present findings 331 ( Figure 3B ). The cluster of spots active at 4 ms ISI ( Figure 3C ) shows striking similarities with the findings of 332 Vesia et al. (2013) . The most ventral spots along the postcentral sulcus are in the same location as the 333 opercular region that was stimulated in Maule et al. (2015) . The posterior intraparietal spot stimulated in Koch 334 et al. (2007, 2008b) is similar or slightly posterior to the posterior cluster of active spots observed here.
335
Summing up, the current systematic mapping of the PPC is consistent with most of the previous data testing 336 single cortical spots with non-invasive brain stimulation.
337
Summary
338
We show conclusive evidence that in humans direct parieto-motor pathways exist. We investigated motor 339 output to the distal upper limb and found a widespread representation of the hand with seemingly no specific 340 spatial distribution that could parallel the somatotopy of the adjacent somatosensory cortex. Such absence of 341 topographic distribution is well supported by previous data in non-human and human primates that indicate a 342 spatial organization of motor features in the PPC reflecting action types rather than effectors. We did find a 343 specific spatial clustering of motor spots in the PPC according to the polarity of the effect on corticospinal 344 output and to spatial location. A ventral cluster showed excitatory effects, while a dorsal cluster showed 
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(standard deviation), and the t-statistics of the single-sample t-tests: t-value (degrees of freedom) and p-value.
478
Please note that the log-ratio has no dimensions because it is obtained by dividing two identical dimensions.
479
Note also that degrees of freedom are variable according to the number of single trials that were performed in
